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We have investigated the ARS (~~to~~rno~~~ repliiating sequence) activity of a I.94 kb ~~to~~o~dr~~l 
DNA fragmeut of ~~~~~~us~~i~ ~~r~~~~~~ and found that several subfra~e~ts ofthis piece of mtDNA 
conferred the ARS phenot~. The nucleotide sequence of the fragment shows: (i) a high A-!-T content 
(725~); (ii) a perfect consensus ARS sequence (ATTTATA~TA) in the subfragment with the highest ARS 
activity; (iii) a large number of ARS consensus-reIat~ sequemxs in the other subfragments, even in one 
lsrcking ARS activity; (iv) several potential hairpin structures. One of them contains the perfect consensus 
ARS sequence. 
Nucledc acid NucIeQtide sequence rmitochondrial DNA 
1. INTRODUCTION 
Autonomously repficating seq~e~~~s (ARS) are 
segments of eukaryotic DNA which are capable of 
promoting self-replication of inte$~~tive y ast vec- 
tors [Xl. They confer on the cohnear DNA an easily 
selectableproperty: high frequency of transforma- 
tiou in yeast [2]. Several pieces of evidence which 
suggest that ARS sequences might represent 
chromos~mal origins of DNA replication have 
been obtained, both in Vito (3-61 and in vitro [7], 
~thou~h conclusive data are lacking, Accordiugly~ 
ARS sequences have been identified in 
chromosomal DNA from several eukaryotes [Sj 
which might he functional as replication origins in 
the homologous system. In addition to 
cbromosomal ARS, these sequences have been 
found in extrachromosomal DNA 19-141. On the 
basis that ARS sequences represent eukaryotic 
origins of DNA replication, it has been argued that 
organellar DNA replication origins might be iden- 
tified because they should confer the ARS 
ph~~~t~e. 
At least one DNA fragment, 1.94 kb long, 
which confers the ARS phenotype has been iden- 
(Cephalosporium acremonium) 
tified in the mt~NA of the Namentous fungus 
~~~~~~~~~r~~~ c~~~~~~~~ f l&16]. To deter- 
mine the structural c~act~stics that are respon- 
sibfe for its ARS phenotype, we have performed a 
detailed analysis of this fragment hat has shown a 
large number of sequences related to that of the 
ARS consensus [171. 
2. MATERIALS AND METHODS 
C. #~~~~~~~~~ ATCC 11550 was rnai~ta~~~d in 
defined medium fig]. E. co& strains HBlOl or 
DHl were used for both transformations fl9] and 
plasmid ~~i~t~~~ce~ while strain .IM103 [20] was 
the host for Ml3 phages and derivatives. S. 
cerevisiac D483 (Mata, Ieu2-112, his4, caalj was 
the recipient strain in yeast transformations [al]. 
2.2. DNA 
Mitochondrial DNA was purified from C, 
~~re~Q~j~~ asdescribed [22]. Plasmid DNA was 
obtained from E. co& by the alkaline lysis pro- 
cedure 1231 and purified by CsCI-Et& ce~t~jfn~a~ 
tion, Total yeast DNA was prepared according to 
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Zakian [l l]_ DNA fragments were purified from 
either polyacrylamide or agarose gels 1241. Probes 
for Southern blot hybridization 1251 were Iabelled 
by nick-translation [26]. 
Plasmid pMA2 is a yeast integrative vector that 
was constructed by ligation of a 2.2 kb yeast DNA 
fragment containing the LEU2 gene [27] in the .Sufi 
site of pBR325 (see fig.1). Insertion in its single 
PHI site of the 1.94 kb PstI DNA fragment from 
the mtDNA of C. acremonium allowed its 
propagation in yeast as an autonomous plasmid in 
agreement with results obtained by others [15,16]. 
This latter plasmid was named pCP1 (see fig.1). 
The nucieotide sequence of the 1.94 kb mtDNA 
fragment was determined using the dideoxy 
method of Sanger et al. 1281. 
3. RESULTS AND DISCUSSION 
To determine which part of the 1.94 kb PsfI 
fragment was responsible for the ARS activity, we 
obtained a detailed restriction map of this piece of 
DNA and cloned different subfragments in the 
yeast integrative plasmid pMA2. Purified plasmids 
cont~ning different subfragments were used to 
transform yeast as an assay of its ARS activity. 
Fig.2A lists the plasmids obtained and the relevant 
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Fig.1. Restriction maps of plasmids pMA2 and pCP1. The latter was obtained by insertion in the single PstI site of 
pMA2 of a 1.94 kb mtDNA fragment from C. acremonium with ARS activity. 
inserts that they carried, as well as the transforma- 
tion frequencies obtained in yeast. Surprisingly, all 
but one of the subfragments howed ARS activity 
(i.e. the plasmids transformed yeast at high fre- 
quency, see fig.2A). Plasmid pBB1 that contains 
the central 560 bp Sau3A subfragment ransforms 
yeast with a frequency even higher than that ob- 
tained with plasmid pCP1, that carries the com- 
plete 1.94 kb mtDNA fragment. To confirm that 
these plasmids which transform yeast at high fre- 
quency replicate autonomously in yeast, we 
cultured S. cetevisiae clones transformed to the 
leu+ phenotype by the plasmids described in fig.2A 
in minimal medium without leucine and isolated 
DNA from these cultures. Undigested total DNAs 
were run in an agarose gel, transferred to 
nitrocellulose and hybridized with 32P-pBR325. As 
shown in fig.2B, all types of yeast leu” clones con- 
tained autonomously replicating plasmids of the 
expected size, confirming that the high frequency 
of tr~sformation was correlated with self- 
replication of these plasmids in yeast. 
To establish a correlation between the nucleotide 
sequence of the subfragments and their ARS 
properties we have sequenced the 1.94 kb mtDNA 
fragment. Fig.3 shows the complete nucleotide se- 
quence of the fragment that contains several open 
C. acremonium 
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p PB46 
pHE21 
0.98 0.32 
0.24 a.28 
F&.X (A) Restriction map of &he 1.94 kb mtDNA 
fragment of 17, ~~r~~o~~~~. Tbe different 
subfragme~ts hown under the restr~et~o~ map were 
subcloned in the yeast integrative vector pMA2 (see 
section 2). The riamef of the recombinant ~iasmids 
obtained are shown to the right of the relevant inserts 
that they cantain. Covalentiy closed circular piasmid 
DNA from each subclone was used to transform yeast 
spheroplasts. Transformation frequencies obtained with 
the different recombinant plasmids (i.e. ARS activity;) as 
well as the apprdximate size of the inserts are shown in 
the table. (B) Total RNA was isolated from yeast leu” 
clones, named ecclcording to the plasmid used for 
transformation to the teu+ phenotype, and samples run 
in a 0.8% agarose gei and blotted on a ~~troce~~~~ose 
filter which was b~~~~d~zed with -‘zp-pBR32S and 
~~tor~d~o~~~~b~d~ The eleetrophoretic rn~b~~~t~~ of 
chromosomes DNA (ehr) and of the ccc forms of the 
different plasmids isolated From E. cdi are shown, 
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consensus equence, 10 with one mismatch and on- 
ly one sequence which perfectly resembled that of 
the consensus. Interestingly, only the 548 bp 
Sau3A fragment with the highest ARS activity con- 
tains the sequence (ATTTATATTTA) that com- 
pletely matches the consensus equence (boxed se- 
quence in fig.4, positions 1487-1498 in fig.3). 
This sequence not only corresponds to that of 
the ARS consensus but, moreover, matches 
perfectly the highly conserved 11 bp sequence 
found in the la region of S. cerevisiae oril, ori5, 
and ori [30] and the ARS element of C. utilis 
mtDNA [lo]. Overlapping this ARS site, in the 
strand complementary to that shown in fig.3, there 
is a 9-nucleotide-long sequence ATATAAATA 
which shows striking homology with an mtDNA 
transcription initiation signal in yeast - 
ATATAAGTA [3 11. Transcriptional activity of 
this region of DNA causing a local melting of the 
double helix could facilitate the initiation of DNA 
replication. Some other interesting features are 
found in the 548 bp fragment as clusters of dif- 
ferent ARS-like sequences (e.g., one may find 4 
overlapping 11 bp consensus-like sequences from 
positions 1127 to 1159, or two adjacent ones from 
position 1349 to 1370). All the other subfragments 
which promote autonomous replication contain 
several consensus-related sequences that could ac- 
count for its ARS activity. However, it has to be 
pointed out that 6 of these sequences are found in 
a subfragment which does not present the ARS 
phenotype (see fig.4). Consequently, there must be 
some other feature in a DNA fragment besides the 
consensus-like sequence for this to show ARS ac- 
tivity. In agreement with this interpretation, 
MA Ta and MA Tcu loci of yeast contain the consen- 
sus sequence but do not show the ARS phenotype 
[171. 
A second feature of ARS-containing fragments 
is high A+ T content and, accordingly, the A+T 
content of the 1.94 kb fragment is high (72.5%). 
However, the A + T content seems not to be direct- 
ly correlated with the ARS activity, since in C. 
acremonium mtDNA subfragments with almost 
identical A+T content show very different 
transformation frequencies (fig.4). It seems 
reasonable to believe that other factors are needed 
in an ARS element besides the consensus equence 
and the high A + T content. If ARS elements repre- 
sent the replication origins, the DNA must be easi- 
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Subfrngrnent 
Transformation 
“oque”cy/)lgxlO-* 
A+T% 74.3 68.7 74.67 68.05 
ARS 
consensus - 
like 
sequences 
Hindllf-Sau3A 
(7281 (986) 
0.3 0.28 1.07 c 0.01 
TaTTcTATTTT 
@l-fATcTTTA 
ATTTATGTTag 
TTTc ATcTTTA 
TaTTATATTgA 
@TTAaATTTA 
ATTTAaATTTA 
ATlTAaAT@T 
TaTTATGTaTh 
ATgTATATTaA 
AaTaATATTTT 
TTTTATA@T 
T@‘TATAlTTg 
ATaTtTGTTTT 
TlTTcTtTTTT 
ATgTgTATTTT 
TaTTtTATTTT 
TTTTATtTTTA 
ATWATATTTA 
TTsTAThaRh 
TTTTATAccTA 
ATlTAaATTTA 
ATTTAaATTTA 
SauJA-PSt.1 
~1534If19431 
PstI-HindfIX 
Cl1 (7283 
TcTTATATaTT 
TFaTATATTgT 
AcT@%TATTlT 
TQTAaGTTTA 
TlTTAeGTTTA 
ATTTtTG@TT 
TTTTQGTTTA 
AaaTATATTll' 
ATtltATH'TTT 
TTTTATAeTaA 
AarPATGaTTT 
ATTTcTAI-bT 
TcTTATATTaA 
WlTATGgTlT 
cTTTtTATTTT 
ATTTtaGTTTA 
CTTTA~TTTT 
AaaTATAlTTA 
ATaTtTATTTT 
ATTTcTAlTaA 
ATTWQGTTTA 
c%-CTATtMTT 
TTTTtl'ATTTA 
AcTTgTATTTA 
TTcTATGTTTT 
ATTTATATaTT 
TTaTATATTcT 
TTaTtTATTTT 
ATTTATtTTTA 
ATTTgTcTTTA 
Fig.4. Computersearchof ARS consensus-relatedsequencesalongthe 1943 bp mtDNA fragment.Only 11 bpsequences 
with two or less mismatches with the consensus sequence (A/TTTTATPuTTTA/T) are listed. Mismatches are 
represented in lower-case letters and subfragments correspond to those described in fig.2. ARS activity in yeast of each 
subfragment as well as its A+T% derived from the sequence is also shown. 
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ly denatured in these regions. Correlated with the 
A+ T% of a given DNA fragment is the relative 
abundance of the sequence NTAN, which seems to 
be preferentially unwound by negative torsional 
stress [32]. This fact could account far the ob- 
served high A + T% of ARS-containing fragments. 
We thank Dr J.L. Garcia for his help in com- 
puter work, Dr Jose M. FernPndez Sousa for con- 
tinuous encouragement and Mrs Daisy Ferniindez 
for excellent secretarial work. 
Finally~ there are several potential h&r& struc- 
tures along the sequence which are presented in REFERENCES 
fig.5. Fot&tial str&ture ‘F’, located in the sub- 
fragment with the highest ARS activity, contains 
the 11 bp consensus sequence. It has been shown 
[3Oj: that replication origins in yeast mtRNA are 
associated with such structures. 
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